The objective of the present study was to quantify the extent of the interaction between temperature and animal-specifi c effects on prolifi cacy and average weaning weight in rabbit does and to assess to what extent this interaction has a genetic determination. For this purpose, 18,491 total born (TB) records from 5,929 Caldes does, as well as 16,868 weaned kits (NW) and average weaning weight (AvgWW) records from 5,353 does of the same line were used. Four models were considered, ranging from the simplest, which assumed no effect of temperature on the traits studied, to the most complex, which allowed for different slopes of response and thresholds for heat tolerance for each animal. Deviance information criteria (DIC) were adopted as model choice criteria. The model postulating that each animal is subjected to a linear change in its performance when the temperature reaches a certain animal-specifi c threshold was preferred for all the considered traits. This interaction has the greatest effect for AvgWW; the ratio between the variance associated to the intercept and the total variance declined from 29.1% at 19°C to 19.4% at 25°C. This decline results from the increase in the variation associated with the interaction of the individual effects with temperature and also from the covariance between this interaction term and the intercepts. An important part of this interaction has a genetic origin, particularly for AvgWW and NW, for which the estimated heritability increased from 0.11 to 0.24 and 0.06 to 0.10, respectively, from 19 to 25°C. Similarly, it was found that the proportion of the total variance for the individual effects involved in the interaction with temperature which have a genetic origin is high for all the traits, around one-half for the variation on the linear changes in the performance and more than one-third for the variation on the onsets for heat stress. However, the error associated with these estimates is large and results must be considered with caution. Thus, in conclusion the extent of the interaction between individual variation and in farm temperature seems to be important and has a genetic origin. Nevertheless, the accuracy of the estimated genetic parameters is low.
INTRODUCTION
Recently, animal tolerance to heat has received attention in a number of studies of different species (Zumbach et al., 2008b; Sanchez et al., 2009a ) because of its signifi cant impact on animal performance. The evaluation of this trait in selection programs could be conducted basically in 2 ways: 1) through the usage of physiological indicators of stress, which could be diffi cult to record and might not be perfectly correlated with the performances of the animals (Yousef, 1985; Bernabucci et al., 2010) or 2) by directly assessing how performance is modifi ed when animals are subjected to thermal stress conditions . This second approach has been the most widely used when the objective was to prevent the negative effects of heat on animal performances. The objective in selection programs would be to raise the tolerance of the animals to high temperatures. To identify the outstanding animals for this trait, it is necessary to have re-cords of each animal, or close relatives, under different temperature environments. Then, the evaluation model should allow estimation of the breeding values of the animal as a temperature-dependent factor. In the fi eld of genetic by environment (GxE) interaction fi tting, these models are named reaction norm models (Kirkpatrick and Heckman, 1989) , as for each animal a function (norm) is defi ned, describing how it performs under different values of the environmental parameter, which in this case is temperature. In the context of heat stress studies, either linear or nonlinear models (Sanchez et al., 2009b) have been proposed.
The objective of this study was to quantify the interaction between individual effects and temperature for prolifi cacy and litter weight, and to assess the proportion of this interaction which can be attributed to a genetic origin.
MATERIAL AND METHODS
The research protocol was approved by The Animal Care and Use Committee of the Institut de Recerca i TecnologiaAgroalimentaries.
Animals and Data
Animals belonged to the Caldes line (Gomez et al., 2002) , which is selected for daily gain during the fattening period. They were bred and reared on the IRTA experimental farm in Caldes de Montbui (Barcelona, Spain) . This farm has insulated roof and walls, as well as cooling ventilation systems to avoid exposure of the animals to extreme temperatures; however, because of the imperfect insulation of the buildings, the indoor temperature records partially refl ect the seasonality of the outdoor temperature.
Males and females began their reproductive life at 5 mo and 4.5 mo of age, respectively, and they were bred under a photoperiod of 16 h light per day. Females were served on a semi-intensive rhythm basis, leading to 42 d between subsequent parturitions. Birth and weaning prolifi cacies, as well as weight of litter at weaning, were collected from November 1983 to October 2008. Natural mating was used for reproduction until June 2003, and after that, AI with hormonal treatment to induce female ovulation and receptivity was used until the end of the study. At parturition, the number of kits born alive and stillborn in each litter was recorded. During the whole lactation period, the number of dead kits and the date when it occurred in each litter were also recorded. At weaning (32 d of age), young rabbits were individually weighed.
The traits analyzed were total number of kits born (TB), number of kits alive at weaning (NW), and average weaning weight of the litter (AvgWW). There were a total of 18,491 records from 5,929 does for TB and 16,868 records from 5,353 does for NW and AvgWW. Table 1 shows basic statistic describing this set of data (and Fig. 1 shows the plot of the traits against temperature descriptors. For TB, this descriptor was considered to be the average of daily mean temperatures during 10 d before mating, whereas for NW and AvgWW temperature descriptor refers to the average of daily mean temperatures during 10 d after parturition; these descrip- tors were chosen based on a previous study assessing the effect of temperature on average performance (Piles et al., 2012) . A slight decline in the performance of the traits at the highest temperatures can be observed. The number of records per temperature value is also shown in Table 1 . Note the low number of records at the lowest and highest temperature values (around 400 at 25°C).
Models
To achieve the objective of estimating the average temperature threshold when a linear change in average
where the jth record (yijk) produced by animal i in the physiological status ( ) k was explained by an animal p i ), the effect of PS and a linear regresthreshold (T 0 ), to be estimated, for the temperature descriptor, T ij (10-d average daily mean temperatures).The Bayesian inferential procedure for estimating the parameters in this model was properly described by Sanchez et al. (2009a) . For TB, PS indicates whether a female was nulliparous or not at mating, and for nonnulliparous does it was considered whether a female was lactating or not at mating. For NW and AvgWW, this factor was was primiparous or not, and within each 1 of these 2 categories it also indicated whether the female was pregnant during that particular lactation or not.
To assess the magnitude of the interaction between individual effects and temperature, a Bayesian hierarchical model with different prior assumptions was employed. The used model and priors are the same as those previously presented by Sanchez et al. (2009b) . As it will be seen, under this model the interaction between individual effects and temperature can be partitioned into its genetic and environmental components.
to use this conditional distribution: Thus, each individual record was assumed to be the result of a number of systematic effects, included in the vector , being X ij' the incidence vector relating plus the effect of a funcunobserved individual parameters). These individual parameters were an intercept, a i1 , the temperature threshold, a i3 , beyond which a linear change is observed, and this linear change itself, a i2 . In addition to these quantities, a random residual term after a normal distribution with mean 0 and variance where a a 1 a 2 a 3 -dividual parameters.
In a second hierarchical stage, prior distributions were assigned to , a, and 2 e 2 e bounded uniform priors were assumed, whereas 4 different normal prior distributions were adopted for a:
), a linear change in the performance of the animal was expected to occur only when threshold, making it possible to observe individual variation both for the threshold itself and for the degree of change in performance beyond it. Thus, in Eq.
[3], a is a vector of length 3, including the mean of each individual parameter, u u 1 u 2 u 3 -netic effects, 0 is the residual (co)variance matrix, and X and Z are incidence matrices relating data to the mean vector and the additive genetic effects, respectively. The 0 were assumed to have bounded uniform prior distributions; the prior distribution of u was assumed to be a normal distribution:
A being the additive genetic relationship matrix and G 0 the additive genetic variance-covariance matrix. Finally, the prior distribution for each element of G 0 was assumed to be bounded uniform. In a second model ( ),all a i3 were assumed to be equal to a constant value previously estimated using model [1]; under FTr individual variation was only assumed to exist at the level of the degree of change in performance beyond a threshold common to all individuals. Thus, a a a 1 a 2 a vector of length 2 and 0 is a matrix of dimension 2 × 0 were assumed to follow a uniform bounded distribution. Same prior assumption as for model RTr was adopted for u, but now G 0 is a matrix of dimension 2 × 2.
In the third model ( ), all a i3 were assumed to be equal to 1, which is a value less than any recorded temperature descriptor. Thus, the effect of temperature was assumed to be linear for any temperature value. For the other parameters of the hierarchical model, the same prior distributions as in model FTr were adopted.
In the fourth model ( ), all the a i2 elements were constrained to be 0 and a i3 were assumed constant and equal to 1. Thus, under this model, no interaction between individual effects and temperature descriptors was considered. Now the vector a only includes the individual intercepts, a 1 0 and G 0 are scalars, representing the mean of the individual intercepts, the variance of permanent environmental effects, and the additive genetic variance, respectively. All these elements were assumed to follow a bounded uniform distribution.
The hypotheses behind each model were tested based purpose, deviance information criteria ( ; Spiegelhalter et al., 2002 ) values for each model were computed.
A total of 16 million rounds were considered, 1.6 million were discarded as burn-in period, and every 160 rounds the parameters of the model were saved for computing statistics describing features of the marginal posterior distributions of each parameter. In addition to this, during each saved round of the Gibbs sampler, a number of functions from the parameters of the RTr model were computed. The values of these functions were considered to be samples from the conditional posterior distribution of the respective functions. These quantities were variance components associated with different combinations of model parameters, and they were computed in a similar way to those presented by Sanchez et al. (2009a g were obtained as:
Prediction of the genetic component of a trait for individual i at a given temperature t was obtained from this equation:
The genetic variance ( ,t P , being the genetic correlation between the trait at a pair of different temperatures, the ratio between the genetic covariance and the product of the genetic SD of the trait at both temperatures.
The relevance of each additive component in -sessed from the ratios between the variance associated to each 1 of the terms and 
e . This last term could be relevant because in the second hierarchical stage the components of all the individual parameters are assumed to be correlated. Table 2 shows the estimated parameters for the model used to estimate the temperature at which a linear change is observed in the overall performance. The TB and AvgWW show a drop beyond 19°Cor 21°C. This drop has been estimated to be around 0.1 kits and 11 g/ degree of temperature increase for TB and AvgWW, respectively. The estimated threshold value for NW was 24°C, which indicates that this trait only shows a reduction at the highest registered temperatures. In a previous study of the same data set (Piles et al., 2012) , a clear threshold response was observed for TB. In that study, regarding AvgWW, a quadratic pattern of temperature was observed, which approximately matched the estimated threshold response found in the present analysis. For the case of NW, Piles et al. (2012) concluded that this was the trait least affected by heat. In spite of the results for NW, it seems that the performances of the doe are only negatively affected by heat when the temperature reaches a certain threshold. In our population, in the case of TB and AvgWW, this threshold is around 20°C. To our knowledge, there are no previous estimates on this threshold in rabbits. In other species, indices combining temperature and humidity are generally used as temperature descriptors, which make the compariit was estimated that the threshold for daily milk yield was around 22 temperature and humidity index ( ) units (Sanchez et al., 2009a) , but there is a wide range of variation across states (Freitas et al., 2006) . In pigs, the temperature value when heat becomes an issue on growing performances has been estimated to be around 18 THI units (Zumbach et al., 2008a) . These THI units correspond to degrees of temperature at 100% humidity. In the case of our rabbit population, the variation of humidity across days on the farm was very low, being around 80%. Therefore, humidity consideration is expected to have little impact on the magnitude of the estimated heat effects.
Regarding the estimation of the magnitude of the interaction between individual effects and temperature, -culated for each model are shown in Ratios of the different terms of modelRTr to the total variance of the different traits [total number of kits born (TB), number of kits alive at = ratio for the variance ofthe interaction term between individual effects and temperature, INTER = ratio for the variance of the intercept, RES = ratio for and the interaction term between individual effects and temperature. See on-performance). The next preferable hypothesis is that deTo quantify the relevance of the different terms of the RTr model, Fig. 2 shows marginal posterior means and 95 highest posterior density ( ) region interval for the ratios between the variance associated to each of the -cal level at different temperature values; the computation way to assess the magnitude of the interaction between individual effects and temperature is to study the increase in the ratio between the variance associated with the interaction term in the model 3 2
(max{( ), 0} )
T a a and the total variance across temperatures. The increases of this ratio between 19 and 25°C were 13.6, 21.8, and 21.6% for TB, NW, and AvgWW, respectively. In addition to this pattern, the variation associated with the covariance between intercept and interaction term must also be evaluated. For the range of temperatures between 19 and 25°C, a Conversely, for the AvgWW, a raise of 8.4% units was observed for the covariance ratio between 23 and 25°C. For AvgWW, a drop of 10.4% was observed between 19 and 25°C for the ratio between the intercept variance and the total variance; this quantity for NW and TB was only 4% and 3%, respectively. Thus, the trait most strongly affected by the interaction between individual variation and temperature is AvgWW. To explain this result we need to refer to the positive covariance between intercept and interaction term, already indicated, because for both NW and AvgWW a similar increase in the ratio of the variance associated to the interaction was observed. Furthermore, for NW almost no decline in the intercept variance ratio was observed. Thus, it can be deduced that the high magnitude of the interaction between genotype and temperature of AvgWW comes not only from variation at the interaction term but also as a consequence of a positive covariance between intercept and interaction term.
Previous studies on milk production in dairy cattle using either linear Sanchez et al., 2009a) or nonlinear (Sanchez et al., 2009a ) models did not quantify the magnitude of the different model terms in the way presented here but it can be concluded from their estimated genetic and permanent environmental correlations that the covariance between intercept and interaction terms had negative values. Contrary to those studies, our estimations are very imprecise. This can be seen in the wide amplitude of the 95 HPD intervals in Fig. 2 , mainly at the highest temperature values. For growth traits during the fattening period of pigs (Zumbach et al., 2008b) , negative correlations were also observed between intercept and interaction terms. Figure 3 shows the estimated heritability of the different traits for different temperatures as well as the genetic correlation between performances of each trait at different temperatures and performances at 19°C. This individual variation and temperature has a genetic determination. In spite of the substantial errors in the estimation of the genetic parameters, it is clear that AvgWW is the trait which has the strongest genetic determination for the interaction between individual variation and temperature. For this trait, the heritability increase from 0.11 at 19°C to 0.24 at 25°C (i.e., a 107% increase). Moreover, the genetic correlation of the performance of this trait at 19°C and at 25°C was only 0.72. In the case of TB, a -ity between 19°C and 25°C, but the genetic correlation between performance at 19°C and at 25°C was around 0.69. The estimated heritability pattern for NW behaved similar to that of AvgWW in the sense that the heritability raised with temperature, but now the raise of the heritability between 19°C and 25°C was only 55%, from 0.06 to 0.10. The estimated genetic correlation between performances at 19°C and at 25°C of this trait showed the lowest value; the mean of the marginal posterior distribution of this parameter was almost null, 0.06. how heritability and genetic correlations across temin female rabbits, so there are no studies with which to compare these results; however, heritability estimated at not-extreme temperatures (i.e., below the threshold temperatures) match pretty well to those previously estimated for this population (Tusell et al., 2010) and other similar populations (Garcia and Baselga, 2002; Ragab and Baselga, 2011) .
Patterns of heritability of performances as a function of the temperature and patterns of genetic correlation between performances at different temperatures and performances at19°C. TB = total number of kits born, NW = number of kits alive at weaning, and AvgWW = average weaning weight of To evaluate the possibilities of selection for increasing tolerance to heat, Table 4 shows the estimated values of the genetic parameters for all the traits and models in the second stage of the hierarchical model (i.e., heritabilities and genetic correlations for the unobserved individual parameters defi ning the fi rst stage of the model). Thus, the values in this table for the ratios represent the percentage of individual variation in the second stage due to additive genetic effects. Based on the estimated marginal posterior means from RTr for all the traits, approximately one-half of the individual variation in the intercepts and in the linear changes beyond an animalspecifi c threshold has a genetic origin. With regards to the variation on the thresholds, its genetic component represents more than one-third. The different means for the marginal posterior distributions were 0.38, 0.46, and 0.36 for TB, NW, and AvgWW, respectively. Regarding the correlations, negative values for the genetic correlation between intercept and threshold (gc13) as well as negative values for the genetic correlation between intercept and slope (gc12) indicates a genetic antagonism between trait performance and tolerance to heat, because greater values of trait performances (intercept) will be associated to low value of onset to heat, and more intense declines in performance beyond this onset results in more negative slopes. The genetic correlations estimated using model RTr are extremely imprecise, and the HDP95 interval covered both positive and negative values. Thus, the aforementioned pattern of genetic correlations cannot be properly observed. In spite of this lack of accuracy in the estimates, according to DIC results in Table 2 , RTr was the model representing the best fi t. Much more precise estimates were obtained from LIN model. On the 1 hand, the number of parameters to estimate under this model are lower, and on the other, the variance associated to the intercept term is estimated with all the records, whereas in modelsRTr and FTr only those records beyond the animal specifi c or fi xed threshold are taken into account, limiting the available amount of information.
Although the LIN model is not the 1 preferred according to the DIC results, its parameters are estimated more precisely than those from RTr. Thus, it is important to comment here that under the LIN model it is also clear that substantial genetic variation exists on the defi nition of the interaction between individual variation and temperature. And also from the results of this model it seems that for all the traits, the genetic correlation between intercepts and interaction has both a negative and a high value (Table 4 ).The same occurred for the permanent correlation (residual correlations in the second hierarchical level), but the results are not shown here. This was also observed in other species for different traits Misztal, 2000, 2002; Zumbach et al., 2008b; Sanchez et al., 2009a) , as mentioned above. 2 h1 = heritability for intercept, h2 = heritability for slope, h3 = heritability for threshold, gc12 = genetic correlation between intercept and slope, gc13 = genetic correlation between intercept and threshold, gc23 = genetic correlation between slope and intercept.
3 Marginal posterior mean. 4 Marginal posterior SD.
5 ESS = effective sample size.
As it has already been pointed out, when discussing the different results, the major issue involved in our study is the large magnitude of the errors for the estimated parameters, particularly for model RTr. It has to be taken into account that the proposed models are highly parameterized and that the number of records available per female was relatively small (on average 3.1 parturitions per doe). In the study of dairy cattle where RTr was used (Sanchez et al., 2009a ), more precise estimates were obtained because the number of available records per cow was greater than 9 on average. However, in that study, to guarantee the convergence of the Gibbs sampling procedure, the average of the individual threshold was constrained to a fi xed value. In our case this constraint was not needed, probably because of the deeper pedigree structure in our population, which implies stronger prior information for the fi rst hierarchal level providing numerical stability to the Gibbs sampler algorithm.
From this study it can be concluded that the variance of the interaction between individual and in-farm temperature could be important for prolifi cacy, both at birth and at weaning, and for average weaning weight, being particularly relevant for the second of the 2. The model allowing an animal-specifi c linear change when environmental temperature goes beyond an animal-specifi c threshold showed the best fi t for these data. However, under this assumption it is diffi cult to obtain precise estimates of model parameters; in spite of this, this interaction seems to have an important genetic determination that could be used in selection programs.
